[1] We investigate the cause of seismicity bursts by examining a waveform-relocated catalog for southern California between 1984 and 2002 and systematically identifying 71 isolated sequences of 40 or more earthquakes occurring within a 2-km-radius volume and a 4-week interval. Fifty-seven of the 71 bursts are difficult to interpret as primarily a main shock and its Omori-law-abiding foreshocks and aftershocks because they exhibit a more complicated evolution in space, time, and magnitude; we identify 18 of these sequences as particularly swarm-like. Evidence against a simple cascade of elastic stress triggering includes the presence of an interval of steady seismicity rate, the tendency of the largest event to strike later in the sequence, the large spatial extent of some of the swarms compared to their cumulative moment, and the weak correlation between the number of events in each burst and the magnitude of the largest event in each burst. Shallow sequences and normal faulting mechanism sequences are most likely to be swarm-like. The tendencies of the hypocenters in the swarm-like sequences to occur on vertical planes and expand over time suggest pore fluid pressure fluctuations as the most likely mechanism driving the swarm-like seismicity bursts. However, episodic aseismic slip could also be at least partly responsible and might provide a more compelling explanation for the steady rate of seismicity during swarms, whereas fluid pressure perturbations might be expected to diminish more rapidly with time. Both aftershocklike and swarm-like seismicity bursts are distributed across the entire study region, indicating that they are a general feature of tectonic faulting, rather than limited to a few geological conditions such as volcanic or geothermal areas.
Introduction
[2] Earthquake bursts, broadly defined as many earthquakes striking in limited space and time, are generally attributed either to a cascade of elastic fault rupture or to the hidden influence of fluids or aseismic slip, particularly in volcanic areas and on transform faults. Such bursts have been recognized and studied for nearly as long as there have been seismic networks. Many such bursts are understood as aftershocks initially delineating the rupture planes of large earthquakes [Scholz, 1990] , and often expanding slightly later [Henry and Das, 2001; Kanamori, 1985a, 1985b] . However, other bursts have no main shock of sufficient magnitude to explain the extent of the hypocentral distribution [Mogi, 1963] , and are commonly termed swarms. Some swarms have a time evolution of hypocenters that indicates the presence of aseismic processes.
[3] Seismicity bursts are common in many tectonic settings. Volcanic regions are particularly prone to seismicity bursts of several types, which have been tied with more or less direct evidence to magmatic processes [Dzurisin, 2003] . A global compilation of 385 volcanic swarms, which tend to be shallower than tectonic swarms, found a median duration of five days, with longer durations correlating with swarms that preceded eruptions [Benoit and McNutt, 1996] .
[4] Seismicity near the Long Valley caldera in California has been a fruitful target for study. The observation of nondouble-couple source mechanisms for large earthquakes at the time of swarms [Dreger et al., 2000] supports various magma-related scenarios for episodicity and time migration of those swarms. More directly, upward and sideways migration rates ranging from 30 m/day to 0.5 km/hr, possibly due to intrusion and overpressure of rising and spreading magmatic fluid, have been noted [Hill et al., 1990; Hough et al., 2000; Prejean et al., 2003] .
[5] One particularly well studied swarm region is near Bohemia in Europe [Hainzl, 2004; Hainzl and Fischer, 2002; Hainzl and Ogata, 2005; Hainzl et al., 2003 ]. An initial stage with somewhat spatially and temporally independent seismicity is evidence for underlying fluid movement triggering the swarm, interpreted as degassing of an active magma body in the upper mantle [Bräuer et al., 2003] , and tensile components of faulting have been inferred, consistent with fluid pressurization driving crack opening during earthquakes [Horálek et al., 2002] . Progressive rupture in Bohemian swarms is indicated by frequent observations of earthquakes closely following previous events in space and time [Fischer and Horálek, 2005] .
[6] Seismicity bursts on ridge transform faults also tend to occur in swarms. Compared to earthquake sequences in continental regions, ridge transform swarms have far higher rates of foreshocks and lower rates of aftershocks [McGuire et al., 2005] . Slip on these faults has been argued to predominantly occur aseismically [Bird and Kagan, 2004; Boettcher and Jordan, 2004] , and seismicity has been inferred to accompany times of accelerated aseismic slip [McGuire et al., 2005] .
[7] In this paper, we take advantage of recent dramatic improvements in earthquake relocation accuracy allowed by waveform cross correlation [Shearer et al., 2005] in order to systematically examine the behavior of seismicity bursts in southern California. We find a range of patterns with some similarity to ridge-transform and volcanic swarms across much of our study area, and we explore the underlying reasons why bursts occur.
Selection of Earthquake Bursts
[8] Our selection process is intended to identify only the cleanest of the seismicity bursts. We select isolated compact pockets of intense seismicity that start relatively abruptly in a sufficient quantity for a fruitful interrogation. The motivation for our criteria is to avoid protracted and widespread aftershock sequences of large events and persistent nests of seismicity with extended and complex geometries, in which earthquake interaction is likely to be more difficult to unravel.
[9] Delineation of the geometry and time evolution of seismicity benefits from location accuracy, so we use the SHLK_1.01 catalog, which provides cross-correlation relocations for southern California for the years 1984 to 2002 [Shearer et al., 2005] . We consider only latitudes from 33°t o 36°N and longitudes from 116 to 119°W to assure a good geometry of network seismometer sites for relocations. Estimated relative location errors are generally less than 100 m and often less than 20 m within individual similarevent clusters.
[10] A complication is that the SHLK_1.01 locations are most accurate only for events within similar-waveform event clusters. Relative location accuracy between events in different clusters is much worse. Thus we consider only the pattern of locations within individual similar-event clusters in examining the shape and time evolution of the seismicity geometry.
[11] Our selection criteria had three requirements, designed to identify compact and isolated bursts of seismicity. (1) An initial event must be followed by at least 39 events within a radius of 2 km in 28 days, (2) there must be three or fewer events in the prior 28 days within the same 2 km radius, and (3) no more than 20% more events occur between 2 and 4 km from the initiating event in the same 28 days afterward. We simply test each of the 166,525 events in SHLK_1.01 that are relocated with waveform correlation in our study area as a potential initial event.
[12] Next, we visually examine the three-dimensional (3-D) distribution of seismicity in each burst with two different selection criteria including (1) earthquakes located solely by traveltimes as well as earthquakes located by waveform cross correlation and (2) waveform-correlated seismicity only from a single cluster. We analyze the spatiotemporal evolution of the seismicity only with the second, most restrictive group, which has by far the best relative location accuracy.
[13] A few details warrant additional comment. Three sequences had as many as four foreshocks after manual adjustment of the initiating event. The biggest events in a sequence sometimes are not in the dominant cross-correlation event cluster because larger earthquakes have additional waveform complexity resulting from their extended rupture areas and durations compared to the smaller earthquakes, which are effectively point sources in space and time. In such occasional omissions of the main shock hypocenter from the dominant cluster, we will implicitly assume that the poorly located larger events fall on the trend of the seismicity within the cluster. However, when precise location is not necessary, as in specifying the largest event in a burst, we consider all events in the 28 days of the burst, whether waveform correlated or not. We rejected five seismicity bursts composed of components from several distinct clusters, but retain those bursts for which a few earthquakes in secondary clusters are present but are only minor constituents of the seismicity.
[14] Because of our selection criteria, all of our chosen sequences start abruptly at the beginning of our 4-week window. In most cases, activity ceases or diminishes to a low rate after 28 days. However, for a few sequences the seismicity continues at a relatively steady rate for several months. There is nonetheless an initial concentration of activity near the beginning of these sequences and for simplicity we assume a fixed 28-day selection window for all of our analyses.
[15] We identify 71 sequences, which span most of our study region (Figure 1 ). Fourteen clusters begin with their largest events (we include one cluster that started with a foreshock just 15 s before the main shock) and resemble main shock/aftershock sequences; these are marked with crosses in Figure 1 . We note that the Oak Ridge sequence, which was identified by one of us in a previous paper [Shearer, 1998] , is included, but just barely, with 41 earthquakes, one more than the minimum total number of events necessary for selection. Most other clusters identified in previous analyses of similar event groups in aftershock sequences Shearer, 1997; Shearer et al., 2003] and along the Imperial Fault [Shearer, 2002] are not included because they are too protracted in time.
[16] The depth distribution of our selected clusters is not strikingly different than that of the overall seismicity ( Figure 2 ). All the sequences are well above the lower depth limits of seismicity in their region [Magistrale, 2002] . A smaller proportion of the clusters tend to be shallower than 4 km or deeper than 10 km depth than in the background seismicity. An underpopulation of aftershock sequences for deep events compared to shallow events has often been observed, and may help explain the paucity in our data set of seismicity bursts below 10 km depth. The areal distribution of our clusters is similar to that of the entire seismicity catalog in being spread across the San Andreas Fault segments, the Transverse Ranges, and the Mojave (Figure 1 ).
Three Case Studies
[17] Many of the clusters have interesting temporal and spatial patterns. We begin by showing three examples, before examining the features more quantitatively to find general cluster properties.
[18] Figure 3 shows a swarm of 230 events that began on 15 July 1994, between Pomona and Riverside. The seismicity is aligned into a plane and the face-on view is shown. The maximum magnitude event (M 3.4) occurs during the middle of the sequence. We will use the term ''swarm-like'' to describe clusters of this type, which do not have a clear main shock/aftershock pattern. The spatial extent of the sequence gradually grows during the 28 days, from an initial region less than a kilometer across to the full 2.5 km length of the plane. This example is typical of the swarm-like clusters; most exhibit at least some spatially coherent time evolution, which often takes the form of spreading outward or moving laterally from an initiation point. The details of these temporal trends can be complex, however, and not all of the clusters align clearly into planar features.
[19] Figure 4 shows a cluster of 190 events that began with a M 4.5 main shock on 10 October 1984. We will use the term ''aftershock-like'' to describe clusters of this type, where the largest earthquake occurs at the beginning of the sequence and subsequent events are smaller. The seismicity for this example forms a complicated 3-D pattern and does not align into a single well-defined plane. There is little temporal evolution in the spatial pattern; most parts of the spatial distribution have events occurring throughout the sequence. This behavior is typical of most of the aftershocklike clusters, in which the aftershock region seems to ''light up'' immediately following the main shock and exhibits relatively little spreading with time.
[20] However, these differences between the behavior of the swarm-like and aftershock-like clusters are not always so clear. Figure 5 shows a group of 189 earthquakes that began on 7 April 1990. As in the example of Figure 4 , the seismicity forms a complicated 3-D pattern. It appears swarm-like because it has no well-defined main shock. However, it has only a weak suggestion of temporal evolution in that the events within the first few days span almost the entire length of the cluster. As we will show in more detail later, the swarm-like clusters vary in the tendency for their seismicity to spread and evolve. In contrast, the aftershock-like clusters almost always show little spreading and migration.
[21] We divided the 71 sequences into three groups; 14 ''aftershock-like'' sequences, (defined by having their largest event first, or 15 s later in one case), 18 ''swarm-like'' sequences (defined by having the most voluminous bursts for their cumulative moment, having their largest event late Figure 1 ). (top) Events projected onto the best fitting plane (details of this projection are explained in the principal component analysis section), with the sequence divided into seven time groups by color with equal numbers of events in each group. The divisions between colors occur at 3.9, 9.2, 11.2, 12.5, 13.7, and 18.1 days. The first event is indicated with a cross; the largest event is shown with a square. (bottom) Catalog magnitude versus time from the first event. Events with no magnitude are assigned M = 0.9, and a random number between À0.05 and 0.05 is added to the magnitudes for plotting purposes. Figure 1 ). (top) Events projected onto the best fitting plane, with the sequence divided into seven time groups by color with equal numbers of events in each group. The divisions between colors occur at 0.9, 2.7, 6.0, 9.4, 12.7, and 20.2 days. The first and largest event is indicated with a cross; the largest event is shown with a square. (bottom) Catalog magnitude versus time from the first event. Events with no magnitude are assigned M = 0.9, and a random number between À0.05 and 0.05 is added to the magnitudes for plotting purposes.
in the sequence, having the most expansion over time, and having a relatively large number of events with respect to the largest magnitude), and the 39 ''average'' sequences in between. We show plots of these and other burst measures below.
Spatial Extent and Earthquake Count of Seismicity Bursts
[22] The large radius of these clusters compared to the magnitudes of the largest events, shown in Figure 6 , is evidence that many of the bursts differ from a simple model of a main shock with aftershocks along its rupture plane. Sequences whose largest magnitude event is larger tend to be more spatially extensive, as would be expected for main shock -aftershock sequences. However, the trend is far weaker than would be predicted by a constant stress drop scaling, which is shown by the lines on Figure 6 . In addition, many ''main shocks'' strike later in the sequence after the seismicity volume has already been filled by smaller-magnitude activity.
[23] Very low stress drops would be necessary to distribute the rupture in the largest events across the entire region for some of the seismicity bursts. The stress drops have been estimated in most of the M 2 to 3.5 events in 43 out of 71 of these bursts [Shearer et al., 2006] . The median stress drop in these bursts ranges from 0.3 to 18 MPa, with a median value of 1.6 MPA. These values are comparable in size and variability to other small earthquakes in southern California. However, the study is limited to earthquakes below M $ 3.4 because records from larger events are clipped. Precise comparisons between earthquake source sizes and burst dimensions are difficult because of the modeling assumptions necessary to estimate source radius from corner frequency measurements and the uncertainties in quantifying burst radius (here defined as the average distance to the swarm centroid). We note, however, that no correlation appears between the stress drops estimated from the seismic waves and the ratio of moment divided by the radius of the sequence cubed, as would have been observed if the entire seismicity area ruptured seismically during the sequence. Figure 5 . A swarm-like cluster of 189 earthquakes at 3-km depth near Pushawalla Canyon, California, beginning on 7 April 1990 (see C label in Figure 1 ). (top) Events projected onto the best fitting plane, with the sequence divided into seven time groups by color with equal numbers of events in each group. The divisions between colors occur at 4.1, 5.0, 7.2, 7.8, 11.7, and 13.4 days. The first event is indicated with a cross; the largest event is shown with a square. (bottom) Catalog magnitude versus time from the first event. Events with no magnitude are assigned M = 0.9, and a random number between À0.05 and 0.05 is added to the magnitudes for plotting purposes. Figure 6 . Estimated burst radius compared to the equivalent magnitude of the 71 seismicity sequences. The radius is the mean of the distances to the events in each sequence from the centroid of the events. Lines show the radii of circular faulting for stress drops of 0.01, 1.0, and 100 MPa as a function of magnitude [Lay and Wallace, 1995] . A limitation of this plot is that our selection process, which chooses only seismicity bursts contained mostly within a 2-km-radius sphere, results in about a 1-km upper bound on burst dimension. The 14 bursts in which the largest event is the initiating event are marked by crossed squares, the 18 most swarm-like are marked by solid circles, and the rest are marked by open circles. The equivalent magnitude is the magnitude of the sum of the moments of the events in a sequence. We estimate moment using the definition of M w [Kanamori, 1977] , assuming that the local magnitudes are approximately equal to the moment magnitudes.
[24] At least a third of the bursts are too large to plausibly match the rupture area of their largest event. The events on the right side of the plot tend to be similar to traditional main shock -aftershock sequences in that the 14 sequences that have their largest event at the start of the sequence (crossed squares in Figure 6 ) are all in that region.
[25] Figure 7 shows additional evidence that the swarmlike bursts are not driven by their biggest event: the observation that the number of earthquakes captured by the network is largely uncorrelated with the size of the largest event.
[26] Bigger ''main shocks'' might be expected to both light up larger volumes in Figure 6 and give rise to more aftershocks in Figure 7 . Their failure to show this result suggests that the more swarm-like sequences are a response to an underlying geophysical impetus rather than simply a cascade of ruptures embedded in an elastic medium.
[27] Figures 6 and 7 show that swarm-like sequences probably have higher b values than aftershock-like sequences. We do not compute b values directly because most of the events in our sequences are at or below the completeness threshold magnitude for the catalog. One could interpret the larger volumes of the swarm-like sequences to arise from lower stress drops, which are frequently associated with regions of higher b value, however this argument is not supported by stress drop measurements [Shearer et al., 2006] , which indicate that the seismic stress drops do not differ significantly among our three sequence categories.
[28] A potential concern with our approach is the inclusion of many events below the completeness level of our catalog, which is roughly M2. A lower completeness level near some cluster locations compared to other locations could result in some apparently ''swarmy'' sequences at the former, and other more main shock-like sequences at the latter, mimicking the pattern shown in Figure 7 , although our other findings are unlikely to be affected. We examined this issue in some detail, and found that the bulk of our catalog is between M1 and M2, so little data would remain were we to solely analyze data in a complete catalog. However, there is no apparent correlation between the locations of the swarmy clusters and areas of poor network coverage, and the greater numbers of events in swarmy sequences is well explained if the average b value of the swarmy earthquake clusters is about 0.3 higher than the other two styles. Given the many uncertainties in measuring b values for small, selected, and incomplete catalogs, further analysis is not warranted in this paper.
Temporal Evolution of Earthquake Clusters
[29] The durations of the seismicity bursts, measured as the median time from initiation, range from 0.22 days to the limit possible in the 28-day window examined. The median and mean event time lags from the first event time is 4.5 and 6.2 days, comparable to the typical duration found for volcanic swarms [Benoit and McNutt, 1996] . The seismicity rate in the month preceding the bursts is low and, on average, fairly steady. In addition, a few of the events in the preceding month are true foreshocks, generally less than a day before the picked start of the burst, as is typically observed for foreshocks in general [Jones and Molnar, 1979] . The average rate of activity in the month after initiation is about 100 times greater than in the month before.
[30] The average activity rate of the 71 bursts diminishes with the passage of time after initiation. The observed seismicity falloff rate, if the bursts are combined without renormalizing the timescale (as we will do next), is similar, for example, to that found in our study of a comparable data set of moderate earthquakes and their aftershocks in Japan, in which activity diminishes as t Àp , where t is time; p in that study is roughly in the range 0.7 to 0.9, depending on the criteria for selecting main shocks, across the time range from tens of seconds to years [Omori, 1895 ; Z. Peng et al., Anomalous seismicity rate immediately before and after main shock rupture from high-frequency waveforms, in Japan, submitted to Journal of Geophysical Research, 2006] .
[31] We can obtain a better measure of the time evolution among the bursts by first renormalizing to equalize all swarm durations before summing all the bursts. We define the average duration of each sequence to be the mean of the time lags of the events after the time of burst initiation, as illustrated in Figure 8 .
[32] Only the 57 out of 71 bursts that do not start with their largest event, i.e., the swarm-like and average sequences, are included to capture the ''swarmy'' aspect of the sequences most clearly, and the event timing is compared with several Omori-style curves in Figure 9 . The two salient features of Figure 9a are the initial peak, with about 10% of the events, and the roughly steady rate that lasts until after the mean time lag in the sequences. The initial peak is likely composed of aftershocks of the initiating earthquake, which is sometimes one of the larger events in the sequence, or the largest event, which disproportionately strikes early, even though we have excluded swarms in which it occurs first. Following the initial peak, the seismicity rate is steady through most of the burst. Then the rate diminishes rapidly after about 1.5 times the mean delay.
[33] Figure 9b shows that the largest events in each sequence follow a similar pattern, although the small sample size of the data set limits resolution. As opposed to normal main shock-aftershock patterns, in which the largest events are generally first, in these sequences, the largest events appear throughout the sequence in a similar proportion to the smaller events.
[34] We infer that the average profile shown in Figure 9 is a mix of components of two end-members: (1) a normal main shock -aftershock Omori law and (2) swarm-like behavior with an emergent beginning leading to periods of steady seismicity, without an initial peak.
Spatiotemporal Evolution and Other Systematics of Earthquake Clusters
[35] In space, the seismicity bursts tend to expand away from their point of initiation (Figure 10 ). The aftershock- Figure 9b because their two largest events have the same magnitude. Although the median would have provided a more robust measure by preventing late events from contributing disproportionately to the mean time for short seismicity bursts, unfortunately, it also generates an artificial peak in seismicity rate at the time of the median because near the median time, there is a concentration of events more often than random.
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VIDALE AND SHEARER: SEISMICITY BURSTS IN SOUTHERN CALIFORNIA like sequences tend to spread slightly, growing by 0 to 50% from the first to the second half of their sequences. In contrast, about half of the remaining sequences grow more, and the swarm-like sequences grow the most and the most consistently. In detail, there is a tendency, even excluding the aftershock-like sequences, for greater growth in cases when the largest event is later in the sequence, but the majority of cases with a distance ratio above 2 in Figure 10 have their largest event before the median time. There is perhaps a tendency for the greatest expansion to strike clusters with the largest event near the median time, but its significance is not clear.
[36] The first-order morphology of seismicity clouds can be analyzed by standard principle value analysis. We compute the autocorrelation matrix summed over all the demeaned hypocentral coordinates of the events in each cluster. The three eigenvalues and corresponding eigenvectors of the matrix define the principle axes and their relative amplitudes. This technique has been applied to many geophysical problems [e.g., Kirschvink, 1980; Vidale, 1986; Michelini and Bolt, 1986; Shearer et al., 2003] .
[37] The eigenvector U 1 , corresponding to the largest eigenvalue l1, gives the axis of minimum rotational inertia, and defines the longest axis of an ellipsoid fit to the hypocenters, while U 3 , corresponding to the smallest eigenvalue l3, defines the shortest axis of the ellipsoid [Shearer et al., 2003] . The shape of the seismicity cluster can be characterized by the relative sizes of the eigenvalues. A nearly spherical distribution of events has l1 % l2 % l3. Points aligned linearly along a line have l1 ) l2, l3 with U 1 defining the direction of the line. Points flattened into a plane have l3 ( l1, l2 with U 3 orthogonal to the plane. U 1 and U 3 correspond to the least squares solutions for the best fitting line and plane, respectively.
[38] As in the work by Vidale [1986] , we define the planarity of seismicity hypocenters to be 1 À l3/l2. At its extremes, planarity of 1 indicates perfect planar alignment, and planarity of 0 indicates a similar width and depth of the seismicity cloud, whatever the length.
[39] We chose a planarity value of 0.82 for the sequences, shown binned in Figure 11 , as best separating the traditional canonical planar-aftershock pattern on a fault from other patterns. Roughly, the sequences with planarity above 0.82 are visually planar. The distribution of planar and nonplanar seismicity clouds does not bear an obvious relation to the underlying geology and faults, as shown in Figure 12 .
[40] The best fitting planes to the seismicity bursts have a strong tendency to be nearly vertical, as shown in Figure 13 . Uniformly oriented planes would fill a dip distribution proportional to the sine of the dip angle. The constraint of proximity to the free surface on the stress tensor is that strike-slip planes tend to have a dip near 90°(near vertical), normal faults dip near 60°dip, and thrust faults dip near 30°d
ip. This suggests that it is mainly strike-slip planes hosting the seismicity bursts, probably related to the dominant strike-slip tectonic style across the study area. However the direction of seismicity shift is indistinguishable from isotropic within the best fit plane, and the long axis of the seismicity ellipsoid also appears randomly distributed within the best fit plane.
[41] Figure 14 shows trends that may give new insights into fault mechanics, deserving of more thorough study than we have space to explore here. Figure 14a shows that more steeply dipping seismicity planes are more planar, perhaps because many strike-slip faults in this area have accumulated more slip than thrust and normal faults over their history, or perhaps simply because normal and thrust faults have more complicated fracture geometries than strike-slip faults. Figure 14b examines these features from another perspective, showing that the least planar faults tend to be strike slip in dominant focal mechanism, many with less steeply dipping planes, although the reason for this is unclear. Figure 10 . Temporal expansion of the sequences versus the relative magnitude of their first event. The expansion is measured as the distance ratio (y axis), defined as the ratio of the median distance from the initiating event between the second and first halves of the seismicity. This parameter is near unity for sequences with little or no spatial expansion. The magnitude difference (x axis) is the difference in magnitude between the first event and the largest remaining event. The 14 sequences that begin with their largest events have positive magnitude differences and plot to the right. These aftershock-like sequences clearly have little tendency to expand their volume of seismicity in the second half of the sequence, in contrast to many of the swarm-like sequences. Symbols are defined as in Figure 6 . [42] Swarm-like sequences are most common with normal faulting, there is a mix of swarm-like and aftershocktype mechanisms for strike-slip faulting, and from very little data, thrust faulting shows mostly aftershock-type sequences in Figure 14c .
Ubiquity of Patterns of Earthquake Cluster Geometry
[43] The seismic sequences range from featureless clouds through lineations and chimneys to sharply defined planes. In general our measurements, although showing some correlations with faulting style, do not establish an association of any particular morphology of seismicity geometry with a particular tectonic province. Figures 1 and 12 give a glimpse of this lack of a pattern, although some consistency of patterns over small areas may be visible. The locations of ''swarmy'' sequences as indicated by lack of a traditional main shock, compared to those that start with their largest event, are shown in Figure 1 . The locations of sequences with high and low planarity are shown in Figure 12 .
[44] In summary, the entire study region exhibits a diverse set of burst patterns. The basins of Los Angeles, the main strands of the San Andreas Fault, and the compressive Transverse Ranges all harbor a similar distribution of swarms by our various measures. Nonplanar sequences and ''swarmy'' sequences, as indicated by lack of an obvious main shock, also do not concentrate at particular depths.
What Drives Seismic Bursts?
[45] Considerable literature discusses how earthquakes can be triggered by a wide range of geophysical phenomenon, including volcanic eruptions and dike injections, fluid injection [Ake et al., 2005] , reservoir loading, tides [Cochran et al., 2004; Tolstoy and Vernon, 2002] , and, of course, prior earthquakes. In particular, temporal evolution of seismicity patterns and a buildup of seismic activity before the largest event in a swarm sequence have been associated with volcano-tectonic events [e.g., Jones and Malone, 2005] . We aim this study at seismicity around tectonic faults, namely, at a major plate boundary, the San Andreas Fault Zone. This study is the first to compare a large number of bursts by applying a variety of different measures, except for a survey solely of swarms around volcanoes [Benoit and McNutt, 1996] , which in turn had to rely on less uniform and quantitative measures. [46] Three mechanisms are most likely for triggering events to cluster in space and time as observed in swarms. It should be recognized that the triggering mechanism is not necessarily related to the process that loads the faults, which may simply be the long-term tectonic stress accumulation. First, direct triggering from previous earthquakes is the usual explanation of aftershocks. Stress loading can explain many observed features [e.g., Stein, 1999] , while shaking must be invoked to account for more distant triggering [e.g., Hill et al., 1993] . Cascade models have been extended so that every earthquake has a probability of generating more earthquakes in ETAS models [Sornette and Sornette, 1999] , which can replicate a wide range of properties in earthquake catalogs.
[47] Second, some bursts of seismicity have been convincingly tied to a rise in fluid pressure at seismogenic depths [Ake et al., 2005; Raleigh et al., 1976] . Other studies argue that strong shaking can redistribute fluid pressure in a way the might trigger earthquakes [Montgomery and Manga, 2003] . Still other studies show that the spread of seismicity can obey a diffusion equation, as would perturbations in fluid pressure [Prejean, 2002] .
[48] Third, aseismic slip can stress faults to failure. ''Slow'' and ''silent'' earthquakes have been accompanied by small seismic earthquakes in central California [Linde et al., 1996] , episodic acceleration of fault loading correlates with earthquakes [Nadeau and McEvilly, 2004] , and aseismic fault slip on subduction zones has been suggested to link with earthquakes. In a recent striking observation, a burst near Las Vegas coincided with a GPS-detected strain episode inferred to be caused by dike injection [Smith et al., 2004] . In more complicated models, fluids and aseismic slip have been suggested to work in concert [Hainzl, 2004; Waite and Smith, 2002] .
[49] We can confidently reject the first scenario for many of the bursts. The interval with steady rate of seismicity in Figure 13 . Distribution of seismicity plane dip angles in the 34 seismicity bursts with planarity above 0.82. Bursts that are most planar and shallow are particularly concentrated at steep dips. A uniform distribution of fault-normal vectors would have a density of dip angles following the sine of the dip angle. No significant difference is seen in the seismicity plane dip angle between the sequences starting with their largest events and the rest of the sequences. The less planar sequences also show a tendency for steep dips but less strongly, and we have less confidence in the dip measurement. Figure 14 . Several geometrical observations. (a) Comparison of seismicity plane dip angles with planarity. More vertical planes are more planar, and less steeply dipping planes tend to be aftershock-like. (b) A comparison of seismicity plane flatness and the tectonic style inferred from focal mechanisms. Here À1 is normal faulting, 0 is strike slip, and 1 is reverse faulting. Although such highly nonplanar seismicity geometries are unusual, most with planarity below 0.5 are strike slip. Also, it is apparent that the aftershock-type seismicity bursts tend to occur with strike-slip and thrust, not normal mechanisms. Only 43 of the sequences have some focal mechanisms determined (J. L. Hardebeck, personal communication, 2005) . (c) A comparison of the delay of the largest event and the tectonic style. Again À1 is normal faulting, 0 is strike-slip, and 1 is reverse faulting. All the swarm-like sequences with their largest events later than 0.5 scaled time have a negative tectonic style. Symbols are the same as for Figure 6 . Figure 9 , the similar number of events over a range of maximum burst magnitudes in Figure 7 , the large areas involved in many of the bursts compared to the magnitude of the largest events in the bursts in Figure 6 , and the common expansion of the seismicity in Figure 10 , all argue that more is involved than just a cascade of earthquakes triggering additional events.
[50] There are arguments for and against both fluid pressure variations and aseismic slip as the driver for our bursts, and a combination of the two is possible [e.g., Hainzl, 2004] . The strong expansion of bursts could naturally be explained by fluid diffusion through fractured fault systems, and contrasts with some models of how aseismic slip might proceed. On the other hand, the steady production of seismicity through much of the bursts' most active periods may be consistent with an aseismic slip episode, whereas fluid perturbations might be expected to result in a burst of seismicity more uniformly and rapidly diminishing over time.
[51] Resolution of the cause or causes of bursts might come through focused geodetic monitoring of swarm areas, as in the exciting report of Smith et al. [2004] or possibly through repeated monitoring of scattering by repeating earthquakes, if changes due to fluid redistribution are measurable [Niu et al., 2003 ].
[52] For now, we conclude that swarm-like sequences mark the site of an underlying geophysical disturbance, one of particular interest because it changes the local risk of large earthquakes more than suggested by naive application of Omori's aftershock law [McGuire et al., 2005] , but whether that change is large or small remains unresolved.
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